Creative Commons Attribution-Noncommercial-Share Alike 3.0 Detailed Terms http://creativecommons.org/licenses/by-nc-sa/3.0/ The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Summary Trafficking and regulation of mobile zinc pools influence cellular functions and pathological conditions in multiple organs, including brain, pancreas, and prostate. The quest for a dynamic description of zinc distribution and mobilization in live cells fuels the development of increasingly sophisticated probes. Detection systems that respond to zinc binding with changes of their fluorescence emission properties have provided sensitive tools for mobile zinc imaging, and fluorescence microscopy experiments have afforded depictions of zinc distribution within live cells and tissues. Both small-molecule and protein-based fluorescent probes can address complex imaging challenges, such as analyte quantification, site-specific sensor localization, and real-time detection.
Introduction
The divalent zinc cation, Zn 2+ , plays structural and/or functional roles in a multitude of proteins and thereby influences a wide metabolic spectrum. Redox inert in biological media and adaptable to different coordination geometries, much of the zinc in eukaryotic cells resides in binding domains provided by metalloenzymes [1] . For proper functioning of the zinc proteome, specialized proteins efficiently regulate zinc uptake, storage, buffering, and efflux [2] . Metallothioneins and the ZIP and ZnT families of proteins redistribute zinc cations among different organelles and maintain tightly regulated zinc concentration gradients. In this context, the presence of a dynamic pool of mobile and chelatable zinc in cells is attracting increased attention. The zinc homeostatic machinery can produce transient zinc signals that stimulate and/or initiate cellular functions [3, 4] . This mobilized zinc can play many physiological roles in zincenriched tissues, such as hippocampus [5] , pancreas [6] , and prostate [7] . Although insights about the biochemistry and physiology of mobile zinc in these and other biological settings accrue at a steady pace, a comprehensive map of mobile zinc in human biology is not yet available.
Efforts to describe intracellular zinc trafficking motivate the construction and improvement of tools for zinc visualization in live cells and animals. Synthetic and biochemical approaches aim to develop detection systems that provide: (i) selective binding of zinc over competing ions, such as Ca 2+ , H + , or Fe 2+ , (ii) a rapid and reversible response over a wide dynamic range of zinc concentrations, and (iii) biocompatibility in terms of toxicity, solubility, and stability. Mobile zinc bioimaging is currently dominated by fluorescent probes. In part because of technical advances in microscopy 3 instrumentation, fluorescent sensors have proved to be sensitive and versatile tools for zinc detection in live cells and tissues. Because ultraviolet (UV) irradiation causes biological tissue damage and elicits cellular autofluorescence, fluorescent indicators featuring visible absorption and emission profiles are strongly preferred. In order to minimize signal contamination and background contributions, current sensor design also aims to resist photobleaching and to minimize background fluorescence arising from pH and ionic strength effects. Control of probe distribution and zinc quantification in live cells are two additional objectives.
Because comprehensive surveys of zinc sensors have appeared in recent literature [8] [9] [10] [11] , the present review concentrates on detection systems reported since 2007. We focus on dynamic imaging of mobile zinc in living specimens, thereby excluding valuable imaging methods, such as autometallography and X-ray fluorescent microscopy, which do not employ zinc-responsive sensors and are generally not suited for live cell imaging [12] .
Fluorescent small-molecule sensors
Fluorescent sensor molecules for zinc ions typically consist of a zinc-chelating unit, such as iminodiacetate (IDA) or di-2-picolylamine (DPA), and a fluorescent reporter that signals the occurrence of binding events through a change in emission properties, such as quantum yield and/or wavelength(s). Sensor systems typically implement a quenching mechanism, for example via photoinduced electron transfer or intramolecular charge transfer, in the metal-free state of the molecule. Fluorescent dyes of high quantum yield and molar absorptivity are exploited to engineer bright sensor responses 4 suited for imaging biological analytes in live cells with high sensitivity. Examples include the commercially available fluorescein-based probes ZP1 and Newport Green, which have imaged synaptic zinc translocation in neuronal cells [13, 14] .
Quinoline moieties were utilized in the very first fluorescent sensors for biological zinc and, despite their UV excitation energy, modest quantum yields, and generally poor water solubility, they continue to be employed in constructs having good selectivity for zinc. Two water-soluble systems, a carboxamidoquinoline derivative [15] and a βcyclodextrine conjugate [16] , were recently reported and tested as cell-permeable zincresponsive sensors in yeast. A bisquinoline-based zinc sensor (1, Figure 1 ) displayed 40-fold fluorescence emission enhancement and negligible pH sensitivity [17] . Despite limited water solubility, this system could detect exogenous zinc in mammalian cells.
Sensors based on other fluorophores requiring UV excitation were recently reported and tested in biological systems at a proof-of-concept level [18] [19] [20] .
[Please insert Figure 1 here]
Following an initial report of a zinc sensor relying on visible fluorescence emission from 7-nitrobenz-2-oxa-1,3-diazole (NBD) [21], two groups [22, 23] independently reported the NBD-based system 2, NBD-TPEA ( Figure 1 An iminocoumarin scaffold has been adopted in the ratiometric probe ZnIC (6, [38] . Zinc-responsive fluorescent probes suitable for two-photon excitation fluorescence emission (TPEM) studies have been recently described [39] [40] [41] . The sensor AZn2 (10, Figure 3 ) features relatively high two-photon cross-section and has proved suitable for TPEM imaging studies of acute rat hippocampal slices [41] .
[Please insert Figure 3 here]
Further opportunities for zinc bioimaging are offered by fluorescence lifetime imaging microscopy (FLIM) [42] . Because image contrast is provided by the excitedstate lifetime of a fluorescent probe, this technique generates a signal that is generally independent of probe concentration and provides high spatial resolution and low 9 background. One example of a lifetime-responsive probe for zinc is a cryptate-based system [43] .
Finally, magnetic resonance imaging (MRI), a non-invasive technique important in medical diagnosis, could provide three-dimensional maps of biological zinc in opaque objects such as living animals. Although the sensitivity and spatial resolution for MRI detection are lower than those of fluorescence imaging techniques, the development of zinc-activated MRI contrast agents will extend mobile zinc imaging to whole animal studies [44] . In two recent examples of zinc-responsive contrast agents (Figure 3) , zinc coordination increases the relaxivity of gadolinium(III) (11) [45] or manganese(II) ions (12) [46] by facilitating access of water molecules to the paramagnetic center. An alternative approach was employed in a Gd(III)-based system (13) , in which zinc coordination increases the affinity of the small-molecule sensor for human serum albumin [47] . The resulting increased relaxivity of the contrast agent was attributed to a slower rotational correlation time for the protein-bound complex. To date, Zn(II)activated MRI contrast agents have not been employed for in vivo imaging of endogenous zinc.
Conclusions
The study of mobile zinc functions in human health and disease requires effective tools for zinc bioimaging. In spite of rapid advances in zinc sensing, however, the current detection systems will need additional modification and improvement to overcome The SNAP-tag TM labeling methodology is employed to anchor a zinc-responsive fluorescent sensor to the mitochondria and Golgi apparatus of HeLa cells.
